Neural circuits formed during postnatal development have to be maintained stably thereafter, but their mechanisms remain largely unknown. Here we report that the metabotropic glutamate receptor subtype 1 (mGluR1) is essential for the maintenance of mature synaptic connectivity in the dorsal lateral geniculate nucleus (dLGN). In mGluR1 knockout (mGluR1-KO) mice, strengthening and elimination at retinogeniculate synapses occurred normally until around postnatal day 20 (P20). However, during the subsequent visual-experience-dependent maintenance phase, weak retinogeniculate synapses were newly recruited. These changes were similar to those of wild-type (WT) mice that underwent visual deprivation or inactivation of mGluR1 in the dLGN from P21. Importantly, visual deprivation was ineffective in mGluR1-KO mice, and the changes induced by visual deprivation in WT mice were rescued by pharmacological activation of mGluR1 in the dLGN. These results demonstrate that mGluR1 is crucial for the visual-experience-dependent maintenance of mature synaptic connectivity in the dLGN.
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Visual deprivation causes abnormal remodeling of retinogeniculate synapses after establishment of mature pattern of synaptic connectivity. Narushima et al. (2016) show that mGluR1 in the dorsal lateral geniculate nucleus plays a critical role in the visual-experience-dependent maintenance of those synapses.
INTRODUCTION
Proper function of the nervous system critically depends on formation of precise neural circuits during development. While synaptic connections and basic circuit frameworks are already present around birth, their functionally mature versions are shaped postnatally in sensory-experience-dependent manners (Espinosa and Stryker, 2012; Takeuchi et al., 2014) . How sensory inputs change and maintain developing synapses has been investigated in several regions of the central nervous system (CNS) (Holtmaat and Svoboda, 2009; Chen, 2006, 2008) .
In the dorsal lateral geniculate nucleus (dLGN), the visual thalamus that relays visual information from the retina to the primary visual cortex (Sherman and Guillery, 2006) , mature retinogeniculate synapses formed by retinal ganglion cell (RGC) axons onto thalamocortical (TC) neurons are established through three distinct phases of postnatal development (Guido, 2008; Hooks and Chen, 2007) . In the first phase, RGC axons projecting to the dLGN are segregated into eye-specific projection zones by the end of the first postnatal week Huberman, 2007) . Each TC neurons receives exuberant retinogeniculate synapses at this stage. Subsequently, in the second phase, a subset of retinogeniculate synapses is functionally strengthened, whereas many others are weakened and eventually eliminated by the third postnatal week (Chen and Regehr, 2000; Ziburkus and Guido, 2006) . This process has been shown to depend critically on retinal spontaneous activity, but not on visual experience (Hooks and Chen, 2006) . Then, during the third phase starting at around P20, retinogeniculate synapses are maintained in a visual-experience-dependent manner. Dark rearing (DR) of mice from P20 for 1 week (late DR) causes abnormal remodeling of retinogeniculate synapses -that is, increase in the number and concomitant weakening of retinogeniculate synapses Chen, 2006, 2008) . Thus, visual experience during the third phase is crucial for stabilizing and maintaining appropriate retinogeniculate synaptic connections that have been shaped during the first and second phases of postnatal development.
While molecular mechanisms for the initial synapse formation and developmental synapse elimination have been intensively investigated Huberman, 2007) , those underlying the visual-experience-dependent circuit maintenance remain largely unknown. Recently, Chen and her colleagues found that knockout (KO) mice lacking methyl CpG binding protein 2 (MeCP2), a transcriptional regulator associated with a neurodevelopmental disorder, Rett syndrome, is one of the molecular candidates for the visual-experience-dependent maintenance (Noutel et al., 2011) . In addition, Louros et al. reported that stargazin, an AMPA receptor auxiliary subunit richly expressed in TC neurons, is also involved in the third phase (Louros et al., 2014) . However, it is unclear at what stage of postnatal development and in which brain region these molecules contribute to the maintenance of retinogeniculate synapses. Furthermore, it remains unknown how visual experience influence the stabilization and maintenance of retinogeniculate synapses.
The metabotropic glutamate receptor subtype 1 (mGluR1), a G q /G 11 protein-coupled glutamate receptor (Niswender and Conn, 2010) , is dominantly expressed in TC neurons in the dLGN especially at the postsynaptic site of corticogeniculate synapses (Godwin et al., 1996a; Vidnyanszky et al., 1996) . Tetanic stimulation of cortical fibers (McCormick and von Krosigk, 1992; Turner and Salt, 2000) or visual stimulation (Rivadulla et al., 2002) activates mGluR1 and modulates excitability of TC neurons. Moreover, activation of the group I mGluR, which includes mGluR1 and 5, has been suggested to modulate retinogeniculate synaptic transmission (Govindaiah et al., 2012; Lam and Sherman, 2013) . The group I mGluR is crucial for modulation of synaptic transmission (Kano et al., 2008; Niswender and Conn, 2010) , long-term synaptic plasticity (Lü scher and Huber, 2010) , and developmental synapse elimination (Hashimoto and Kano, 2013; Watanabe and Kano, 2011) . These results suggest that mGluR1 plays important roles in retinogeniculate synaptic development.
To tackle this issue, we used mGluR1-KO mice and examined the three phases of their retinogeniculate synaptic development. We found that initial synapse formation and elimination in the first and second phases were normal but that synapse maintenance in the third phase was selectively impaired in mGluR1-KO mice. We conducted dLGN-specific manipulation of mGluR1 by using lentivirus-mediated knockdown (KD)/overexpression and pharmacological blockade/activation to clarify developmental timing and cellular location of mGluR1 required for retinogeniculate synaptic development. We conclude that mGluR1 in the dLGN TC neurons during the third phase is crucial for the visual-experience-dependent maintenance of mature connectivity of retinogeniculate synapses.
RESULTS

Increase in mGluR1 Expression in the Developing dLGN
First we performed immunohistochemical analysis to examine mGluR1 expression in the developing mouse dLGN from P10 to P30 (Figure 1 ). The specificity of anti-mGluR1a antibody used in the present study has been validated previously (Tanaka et al., 2000) and by the negative immunoreactivity in the dLGN of mGluR1-KO mice (Figures 1I and 1J) . Consistent with previous data obtained from adult rats or cats (Godwin et al., 1996a; Yoshida et al., 2009) , we observed strong mGluR1a immunoreactivity in the dLGN at P30 (Figures 1D and 1H ). In contrast, the mGluR1a immunoreactivity in the dLGN was very low around the detection threshold before eye opening (P10) (Figures 1A and 1E) . mGluR1a became detectable at P15 (Figures 1B and 1F) , and its expression increased thereafter until P20 (Figures 1C and 1G) . Fluorescent intensity was stable in the adjacent thalamic nuclei, including the ventral posteromedial nucleus (VPM), during the developmental phases (p > 0.50, one-way ANOVA). Quantitative analysis of mGluR1a expression revealed a clear developmental increase of mGluR1a in the dLGN in comparison with the VPM (p < 0.01 or 0.001) ( Figure 1K ). In contrast, the retina was consistently immunostained for mGluR1a from P10 to P30 with high intensity in the inner plexiform layer (see Figure S1 available online). These data suggest that mGluR1a expression is selectively increased in the dLGN among thalamic nuclei in the third postnatal week (Figure S6 ), the same phase during which visual experience is required for the maintenance of retinogeniculate synapses Chen, 2006, 2008) .
Normal Strengthening and Elimination of Retinogeniculate Synapses in mGluR1-KO Mice
To examine the role of mGluR1 in the dLGN, we analyzed electrophysiological properties of retinogeniculate excitatory postsynaptic currents (EPSCs) in WT and mGluR1-KO mice during the three postnatal developmental phases. We recorded both AMPA receptor (AMPAR)-and NMDA receptor (NMDAR)-mediated EPSCs from TC neurons in response to RGC axonal stimulation ( Figure 2 ) (see Supplemental Experimental Procedures). Around the first synapse formation phase (before eye opening, at P9-P12), stepwise increment of EPSC amplitudes was frequently observed as the stimulus intensity increased for both AMPAR-and NMDAR-mediated components in WT ( Figure 2A ) and mGluR1-KO ( Figure 2B ) mice. We classified the recorded TC neurons according to the EPSC step number of one to five or that of six and more because mature TC neurons usually exhibit one to five steps of retinogeniculate EPSCs (Ziburkus and Guido, 2006 ) (see Supplemental Experimental Procedures). Cells with six and more steps were more dominant at P9-P12, and vice versa at P22-P24 ( Figure 2C ). There was no significant difference in cell fractions between mGluR1-KO and WT mice at P9-P12 (p > 0.10) or P22-P24 (p > 0.10, Chi-square test). After the second synapse elimination phase (P22-P24), the amplitude of single-fiber AMPAR-mediated EPSC, but not that of maximum EPSC, increased gradually in both strains of mice (Figures 2D and 2E;  Table S1 ). Consistent with these results, the single-fiber fraction, a parameter representing the refinement of retinogeniculate synapses (Noutel et al., 2011) (see Supplemental Experimental Procedures) , increased in mGluR1-KO mice during the second phase (p < 0.001, Mann-Whitney U test) in the same manner as WT mice (p < 0.001 between age groups and p > 0.50 compared with the age-matched mGluR1-KO mice, Mann-Whitney U test) ( Figure 2F ; Table S1 ). In contrast, the amplitude of single-fiber NMDAR-mediated EPSC was constant, but the maximum EPSC amplitude tended to decrease in both strains of mice from P9-12 to P22-24 (Figures 2G and 2H; Table S1 ). Basic properties of AMPARand NMDAR-mediated retinogeniculate EPSCs were not significantly different between the two genotypes during the initial two phases (Table S1 ). These include paired-pulse ratio (PPR) of single-fiber AMPAR-mediated EPSCs ( Figure 2I ), AMPA/NMDA ratio of single-fiber EPSCs, ratio of maximum EPSCs, and the decay time constant of NMDAR-mediated EPSCs. Taken together, these results indicate that the initial formation and the subsequent strengthening/elimination of retinogeniculate synapses are normal in mGluR1-KO mice ( Figure S6 ).
Impaired Maintenance of Mature Connectivity of Retinogeniculate Synapses in mGluR1-KO Mice
In contrast to normal development during the first two phases, we found marked differences in retinogeniculate synaptic responses of mGluR1-KO mice during the third phase (P28-P34) from those of age-matched WT mice (Figure 2 ). For representative cases, as the stimulus intensity was increased, the EPSC amplitude increased with a few discrete steps in WT mice (Figure 2A) , whereas it displayed a stepwise increase with more than six steps in mGluR1-KO mice ( Figure 2B ). The step number of retinogeniculate EPSCs increased in mGluR1-KO mice when compared to WT mice such that the fraction of cells with six and more steps became dominant (p < 0.001 between the two genotypes, Chi-square test) ( Figure 2C ). While the maximum amplitudes of evoked EPSCs were similar (p > 0.10, Mann-Whitney U test) (Figures 2E and 2H ; Table S1), single-fiber EPSC amplitudes of both AMPAR-and NMDAR-mediated components were significantly smaller in mGluR1-KO mice than in WT mice (p < 0.01, Mann-Whitney U test) (Figures 2D and 2G ; Table S1 ). Accordingly, after P28, value of the single-fiber fraction in mGluR1-KO mice was significantly smaller than that in agematched WT mice (p < 0.001, Mann-Whitney U test) or in mGluR1-KO mice at P22-P24 (p < 0.05, Mann-Whitney U test) ( Figure 2F ; Table S1 ).
We further analyzed the quantal size of retinogeniculate EPSCs in WT and mGluR1-KO mice at P28-P34. We substituted extracellular Ca 2+ with Sr 2+ to cause asynchronous vesicular release of glutamate in response to stimulation of a single RGC axon and recorded quantal AMPAR-mediated EPSCs originating from the stimulated axon. We found no significant difference in the amplitude of quantal mEPSCs between the two genotypes (14.8 ± 0.19 pA, n = 1,770 events in WT versus 14.5 ± 0.21 pA, n = 1,163 events in mGluR1-KO; p > 0.50 with Kolmogorov-Smirnov test), indicating that postsynaptic responsiveness is normal in mGluR1-KO TC neurons. Because PPR of AMPAR-mediated EPSC was not different between the two genotypes in normal Table S1 ) or in the presence of cyclothiazide (75 mM; p > 0.10 with Mann-Whitney U test) (Table S1 ), the release probability at retinogeniculate presynaptic terminals was considered to be the same. Therefore, the most likely cause of the reduced single-fiber EPSC amplitudes in mGluR1-KO mice is a decrease in the total number of release site at each RGC axon. This reflects the decrease either in the total number of synaptic terminals on each RGC axon or in the number of release sites at each of single synaptic terminals. We found that the density of presynaptic terminals labeled for VGluT2, a marker for retinogeniculate terminals in the dLGN (Fujiyama et al., 2003) , was comparable between WT and mGluR1-KO mice ( Figure S2 ). Since the number of RGC axons innervating each TC neuron was increased in mGluR1-KO mice from P28 to P34 ( Figures  2A-2C) , the results suggest that the total number of synaptic terminals on each RGC axon was decreased in mGluR1-KO mice during the third phase of postnatal development. However, it is possible that the number of release site at each synaptic terminal may also be decreased in mGluR1-KO mice.
In MeCP2-KO mice, eye-specific segregation of RGC axons has been reported to be impaired after P34 (Noutel et al., 2011) . We therefore investigated eye-specific segregation in mGluR1-KO mice and found that the pattern was normal at P34-P35 ( Figure S3 ). This result suggests that surplus synapses are localized within the eye-specific innervation area without much disarrangement of large-scale axonal projection. 
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Step No. (D-I) Properties of retinogeniculate EPSCs in WT and mGluR1-KO mice. Single-fiber (SF; D and G) and maximum (Max.; E and H) AMPAR-or NMDAR-mediated EPSC amplitudes were recorded at À70 mV (D and E) or +40 mV (G and H). Single-fiber fraction (F) was calculated by dividing SF AMPAR-EPSC amplitudes by Max. AMPAR-EPSC amplitudes of the same cell. Paired-pulse ratio (PPR) of single-fiber AMPAR-mediated EPSCs (I) was the ratio of EPSC amplitudes induced by two successive stimuli with inter-stimulus intervals of 100 ms. *p < 0.05, **p < 0.01, or ***p < 0.001 with Mann-Whitney U test. N.S., not significant. See also Figures S2, S3, and S6 and Table S1 .
Recently Hong and colleagues reported that after the closing of the experience-dependent synapse maintenance phase, further refinement of RGC axons and bouton pruning took place between P30 and P60 (Hong et al., 2014) . In mGluR1-KO mice aged over P60 (P60-P69) (Figure 2 ), the single-fiber fraction remained smaller in mGluR1-KO mice compared to age matched WT mice (p < 0.05, Mann-Whitney U test) ( Figure 2F ; Table  S1 ). About 30% of cells still showed six and more steps in mGluR1-KO mice, whereas all cells showed one to five steps in WT mice ( Figure 2C ). Notably, in mGluR1-KO mice, the proportion of cells with one to five steps increased from P28-P34 to over P60 ( Figure 2C , p < 0.05, Chi-square test). These results suggest that connectivity of retinogeniculate synapses in mGluR1-KO mice remains impaired around P60 but is partially restored from that around P30.
mGluR1 Deficiency Occludes Remodeling of Retinogeniculate Synapses Induced by Late DR Late DR causes the recruitment of retinogeniculate synapses and reduction of the single-fiber fraction in WT mice (Hooks and Chen, 2006) . These phenotypes are very similar to those of mGluR1-KO mice reared in normal condition (12 hr light/ dark cycle) ( Figure 2 ; Table S1 ), raising the possibility that mGluR1 is responsible for the maintenance of retinogeniculate synapses in a visual-experience-dependent manner. To test this possibility, we first checked whether developmental increase of mGluR1 expression in the dLGN was dependent on visual experience. We found that neither the DR starting before eye opening (P7) and lasting until P15 or P20 (early DR) nor the DR from P20 to P30 (late DR) affected mGluR1 expression in the dLGN ( Figure 3A ) compared to that of mice reared in normal condition (control). Therefore, we confirmed that mGluR1 expression itself in the dLGN was not influenced by visual experience. If the late DR-induced remodeling of retinogeniculate synapses shares common mechanisms with the phenotypes of mGluR1-KO mice, no additional changes should be induced by late DR in mGluR1-KO mice. Thus, we next reared WT and mGluR1-KO mice in darkness from P21 for 7-10 days (late DR, Figure 3B ) and examined their retinogeniculate synaptic properties thereafter. Consistent with previous reports Chen, 2006, 2008) , late DR of WT mice caused increase in the proportion of cells with six and more EPSC steps ( Figure 3C ; p < 0.01, Chi-square test), decrease in single-fiber AMPARmediated EPSC amplitudes ( Figure 3D ), increase in maximum AMPAR-mediated EPSC amplitudes ( Figure 3E ), and reduction in the single-fiber fraction ( Figure 3F ), when compared with control (p < 0.05 with Mann-Whitney U-test) (Tables S1 and S2). In marked contrast, late DR had no effect on retinogeniculate synapses of mGluR1-KO mice ( Figures 3B-3H ). There were no differences between mGluR1-KO mice with late DR and those with control (Tables S1 and S2) in the step number distribution ( Figure 3C ), single-fiber EPSC amplitudes ( Figures 3D and 3G) , maximum EPSC amplitudes ( Figures 3E and 3H ), or single-fiber fraction ( Figure 3F ) (p > 0.10 with Mann-Whitney U test). The failure of late DR to affect retinogeniculate synaptic properties of mGluR1-KO mice does not result from blindness. This is because a clear increase in the expression of Arc, an immediate-early gene that reflects neuronal activity, was observed in the visual cortex of mGluR1-KO mice and WT mice in response to light exposure following late DR ( Figure S4 ). Thus, these results strongly suggest that activation of mGluR1 by visual inputs is responsible for the experience-dependent maintenance of mature retinogeniculate synapses.
mGluR1 Activity in the dLGN Is Responsible for the Maintenance of Mature Retinogeniculate Synapses
The data showing clear increase of mGluR1 expression in the dLGN during the third phase (Figure 1 ) strongly suggest that mGluR1 in the dLGN is responsible for the maintenance of retinogeniculate connectivity. To test this possibility, we blocked mGluR1 activity in the dLGN of WT mice by local application of an mGluR1 antagonist, CPCCOEt (10 mM) ( Figures 4A-4C) . CPCCOEt was applied into the dLGN by means of the osmotic minipump from P21 for 7-12 days ( Figure 4A ). The estimated area of diffusion of the injected chemicals was limited to the dLGN and a part of the hippocampus visualized by staining with 0.1% Fast Green contained in the solution ( Figure 4B ). Notably, after chronic pharmacological blockade of mGluR1 in the dLGN of WT mice, retinogeniculate EPSCs with multiple stepwise increments were more frequently recorded than after chronic vehicle application ( Figure 4C ), and the fraction of cells with six and more steps increased (p < 0.01, Chi-square test) ( Figure 4G ). As shown in Table S3 , the amplitude of AMPARmediated single-fiber EPSCs was smaller (p < 0.05, Mann-Whitney U test) ( Figure 4H ), and that of maximum AMPAR-mediated EPSCs was larger (p < 0.05, Mann-Whitney U test) ( Figure 4I ) in the CPCCOEt-treated group than those in the vehicle-treated group. The single-fiber fraction of retinogeniculate EPSCs in the CPCCOEt group was thus significantly smaller than that in the vehicle-treated group (p < 0.01, Mann-Whitney U test) (Figure 4J) . The effect of CPCCOEt application on NMDAR-mediated EPSCs was less clear. There was no significant difference in the single-fiber amplitude ( Figure 4K ) and the maximum amplitude ( Figure 4L ) (p > 0.10, Mann-Whitney U test).
To selectively inactivate mGluR1 in dLGN TC neurons, we performed lentivirus-mediated RNA interference KD of mGluR1 ( Figures 4D-4F ). We stereotaxically injected lentiviruses for the expression of EGFP and microRNA (miRNA) targeting mGluR1 Single Fiber Fraction Table S3. into the dLGN at P14 and then performed electrophysiological recordings between P28 and P34 ( Figure 4D ). KD of mGluR1 in EGFP-expressing cells was confirmed by immunohistochemical staining of mGluR1a in the dLGN ( Figure S5) . We compared the parameters of retinogeniculate EPSCs between EGFP-positive (mGluR1-KD) and adjacent EGFP-negative (control) neurons (Figure 4E) . As in TC neurons of mGluR1-KO mice, retinogeniculate EPSCs with multiple stepwise increments were more frequently recorded ( Figure 4F ), and the fraction of cells with EPSCs of six and more steps was larger in the mGluR1-KD neurons than in control neurons (p < 0.05, Chi-square test) ( Figure 4G ). The amplitude of single-fiber AMPAR-mediated EPSCs was smaller in the mGluR1-KD neurons (p < 0.05 with Mann-Whitney U test) (Figure 4H ) without significant reduction in the maximum amplitude (p > 0.4) ( Figure 4I ). The same tendency was noted for the amplitude of single-fiber NMDAR-mediated EPSCs (p < 0.05 with Mann-Whitney U test) ( Figure 4K ) without significant reduction in the maximum amplitude (p > 0.8) ( Figure 4L ). The single-fiber fraction was significantly smaller in the mGluR1-KD neurons than in control neurons (p < 0.05, Mann-Whitney U test) ( Figure 4J ). These results collectively indicate that mGluR1 within dLGN TC neurons is responsible Figure S6 and Table S3. for the maintenance of retinogeniculate synapses and suggest that additional retinogeniculate synapses are recruited when mGluR1 activity in dLGN TC neurons is blocked during the third phase. To further confirm the role of mGluR1 in the dLGN, we examined whether expression of mGluR1 into TC neurons of mGluR1-KO mice rescued the defect in the remodeling of retinogeniculate synapses ( Figure 5 ; Table S3 ). We injected lentiviral vectors carrying mGluR1a cDNA at P14 and performed electrophysiological examination at P28-P34 ( Figure 5A ). We confirmed mGluR1a expression in recorded TC neurons by double staining of biocytin and mGluR1a immunoreactivity ( Figure 5B ; Supplemental Experimental Procedures). Compared to those in GFP-expressing control cells, retinogeniculate EPSCs in mGluR1a-expressing TC neurons had smaller number of steps as exemplified in Figure 5C and summarized in Figure 5D (p < 0.001, Chi-square test). Although the amplitude of single-fiber EPSCs was not significantly different (p > 0.09 at À70 mV and p > 0.50 at + 40 mV, Mann-Whitney U test) ( Figures 5E and 5H ), the maximum amplitude was smaller in mGluR1a-expressing neurons (p < 0.05 Mann-Whitney U test) (Figures 5F and 5I) . The single-fiber fraction was significantly larger in mGluR1a-expressing neurons (p < 0.05, MannWhitney U test) ( Figure 5G ), indicating that mGluR1a expression in the dLGN neurons of mGluR1-KO mice prevented recruitment of additional synapses and abnormal remodeling of retinogeniculate synapses. Thus, mGluR1 activation in the dLGN neurons during the third phase of postnatal development is crucial for the maintenance of retinogeniculate synapses ( Figure S6 ).
mGluR1 Activation Rescues Retinogeniculate Synapses from Late DR-Induced Remodeling
If mGluR1 in the dLGN is required for the visual-experiencedependent maintenance of retinogeniculate synaptic connections during the third phase, pharmacological activation of mGluR1 in the dLGN during late DR should prevent abnormal remodeling. We applied a mixture of a group I mGluR1 agonist, DHPG (5 mM), and an mGluR1-specific positive allosteric modulator, Ro 67-4853 (10 mM), into the dLGN through the osmotic minipump. This is because Ro 67-4853 is expected to help DHPG preferentially activate mGluR1 (Salt et al., 2012) . Chronic application of DHPG + Ro in mice reared in normal condition did not affect parameters of retinogeniculate EPSCs (Table S3 ). The surgery for the implantation of minipumps was performed at P21, and then the mice were kept in a dark room for 7-10 days (DHPG + Ro group) or for 7-12 days (vehicle group) ( Figure 6A ). Late DR mice treated with DHPG + Ro exhibited increased fraction of cells with one to five EPSC steps (p < 0.01, Chi-square test) (Figures 6B and 6C) , significantly larger single-fiber AMPAR-mediated EPSC amplitudes (p < 0.05, Mann-Whitney U test) ( Figure 6D ; Table S3 ), smaller maximum amplitudes of both AMPAR-and NMDAR-mediated EPSC components (p < 0.05 at -70 mV and at +40 mV, Mann-Whitney U test) ( Figures 6E and 6H) , and consequently a larger single-fiber fraction (p < 0.001, Mann-Whitney U test) ( Figure 6F ) when compared to vehicle-treated late DR mice. The difference was not significant for single-fiber NMDARmediated EPSCs (p > 0.10) ( Figure 6G) . Importantly, the parameters of retinogeniculate EPSCs in late DR mice treated with DHPG + Ro were comparable to those in vehicle-treated mice reared in normal condition (control vehicle; Figures 6B-6H ). The distribution of EPSC step number (p > 0.10), the single-fiber amplitude of AMPAR-mediated EPSCs (p > 0.10) and that of NMDAR-mediated EPSCs (p > 0.50), the maximum amplitude of AMPAR-mediated EPSCs (p > 0.05) and that of NMDAR-mediated EPSCs (p > 0.10), and the single-fiber fraction (p > 0.10) were not significantly different between the two groups. These results indicate that mGluR1 activation in the dLGN during late DR rescued retinogeniculate synapses from visual-experiencedependent remodeling. Taken together, the experiments on mGluR1 inactivation (Figure 4 ), mGluR1 rescue in mGluR1-KO mice ( Figure 5 ), and mGluR1 activation during late DR (Figure 6 ) clearly demonstrate that mGluR1 activation in the dLGN is required and sufficient for visual-experience-dependent maintenance of mature connectivity of retinogeniculate synapses ( Figure S6 ).
Subcellular Localization of mGluR1 in TC Neurons in the dLGN
Previous studies show that in the adult dLGN, mGluR1 is mainly expressed in the postsynaptic site of corticogeniculate synapses from the layer VI of the primary visual cortex (Godwin et al., 1996a; Vidnyanszky et al., 1996) . To clarify precise subcellular localization of mGluR1 in the dLGN during the third phase, we performed immunofluorescence and immunoelectoron microscopic analyses at P30. Double immunofluorescence for mGluR1a and MAP2, a marker of somatodendritic neuronal elements, exhibited punctate or meshwork labeling of mGluR1a along dendrites and the surface of neuronal somata ( Figure 7A ). Two distinct types of excitatory synaptic terminals arising from corticogeniculate and retinogeniculate afferents can be distinguished by immunoreactivity to vesicular glutamate transporter type 1 (VGluT1) and type 2 (VGluT2), respectively (Fujiyama et al., 2003) . We found that mGluR1a did not overlap with VGluT1 , maximum AMPAR-mediated EPSC amplitudes (E), single-fiber fraction (F), single-fiber NMDAR-mediated EPSC amplitudes (G) and maximum NMDARmediated EPSC amplitudes (H). *p < 0.05, **p < 0.01, or ***p < 0.001 with Chisquare test for (C) or with Mann-Whitney U test for (D)-(F) and (H). N.S., not significant. Bar graphs represent mean ± SEM. See also Figure S6 and Table S3. or VGluT2 but was closely apposed to them ( Figure 7B ). Notably, intense signals for mGluR1a were preferentially observed around VGluT1-labeled corticogeniculate terminals when compared to VGluT2-labeled retinogeniculate terminals ( Figure 7B ). The subcellular distribution of mGluR1a was confirmed by 3D reconstruction of serial pre-embedding double-label immunoelectron microscopy for mGluR1a (metal particles) and for VGluT1 or VGluT2 (diaminobenzidine precipitates) (Figures 7C-7H ). VGluT1-labeled corticogeniculate terminals had small profiles with round synaptic vesicles and dark mitochondria, and formed single synaptic contacts with reconstructed spines (n = 9) or dendrites (n = 5) ( Figures 7C and 7E) . In contrast, VGluT2-labeled retinogeniculate terminals had large profiles with round synaptic vesicles and pale mitochondria, and formed multiple synaptic contacts with reconstructed spines (n = 8) or dendrites (n = 4) ( Figures 7D and 7F ). These morphological features were consistent with previous studies (Shepherd, 2004) . Metal particles for mGluR1a were widely distributed on the extrasynaptic cell mem- brane and intracellular membrane of dendrites or spines forming asymmetrical synapses with VGluT1-labeled corticogeniculate and VGluT2-labeled retinogeniculate terminals (Figures 7C-7F) . By counting the number of cell-membraneattached metal particles, we found that the mean labeling density at postsynaptic elements of corticogeniculate synapses was 1.9 times higher than that of retinogeniculate synapses (Figure 7G) . The number of metal particles for presynaptic elements was nearly of background level for both types of synapses (Figure 7G) . Furthermore, we noted perisynaptic accumulation of metal particles in postsynaptic elements facing corticogeniculate synaptic terminals ( Figures 7C and 7E) . To quantify the degree of perisynaptic accumulation, we analyzed the localization of cell-membrane-attached metal particles as a function of the distance from the synaptic edge. By measuring the distance from the edge of postsynaptic density to the center of metal particles, the labeling peaked at the perisynaptic portion (0-180 nm from the edge of the PSD) at corticogeniculate synapses, whereas the distribution was flat at retinogeniculate synapses ( Figure 7H) . Notably, the labeling density at the perisynaptic portion was 3.7 times higher at corticogeniculate synapses than at retinogeniculate synapses. Using serial electron micrographs, we also counted total number of metal particles at single synaptic contacts including the perisynaptic areas and found 3.1 times more metal particles at corticogeniculate synapses (2.86 ± 0.35) than that at retinogeniculate synapses (0.92 ± 0.31; p < 0.001, Mann-Whitney U test). These results clearly demonstrate that mGluR1a is selectively distributed in postsynaptic elements of TC neurons, with higher levels around corticogeniculate synapses than around retinogeniculate synapses.
DISCUSSION mGluR1 Is Crucial for the Visual-Experience-Dependent Maintenance of Retinogeniculate Synapses
In this study, we demonstrated a new role of mGluR1 in the maintenance of mature retinogeniculate synapses. In the mouse dLGN, genetic deletion or inactivation of mGluR1 during the third phase caused abnormal remodeling of retinogeniculate synapses that was very similar to that induced by late DR. Restoring mGluR1 expression in mGluR1-KO mice selectively in the dLGN was sufficient to prevent the remodeling. The effect of late DR was occluded in mGluR1-KO mice and was counteracted by pharmacological activation of mGluR1 in the dLGN of WT mice during the third phase. These results strongly suggest that mGluR1 in the dLGN underlies visual-experience-dependent maintenance of retinogeniculate synapses (see Figure S6A ).
In the rodent visual system, mGluR1 is strongly expressed in the retina (Koulen et al., 1997) and in the dLGN (Godwin et al., 1996a; Vidnyanszky et al., 1996; Yoshida et al., 2009) , but its expression is sparse and mainly observed in interneurons in the cortex (Ló pez-Bendito et al., 2002) . We found that in the dLGN, the level of mGluR1 expression markedly increased after the onset of visual experience (Figure 1 ). By contrast, in the retina, mGluR1 was expressed throughout the postnatal period ( Figure S1 ) (Koulen et al., 1997) . Importantly, manipulation of mGluR1 activity in the dLGN effectively influenced the maintenance or remodeling of retinogeniculate synapses . We confirmed that KD or expression of mGluR1 by lentiviral vectors was confined to the dLGN (Figures 5). These results strongly suggest that the dLGN is the locus of mGluR1 activation for the maintenance of retinogeniculate synapses during the third phase.
We have confirmed that mGluR1 is predominantly expressed at the perisynaptic region of the corticogeniculate postsynaptic membrane (Figure 7) . At retinogeniculate synapses, the level of mGluR1 expression was significantly lower and mGluR1 did not exhibit characteristic perisynaptic accumulation (Figure 7) . Feedback projection from the cortical layer VI forms abundant synapses onto distal dendrites of TC neurons (Sherman and Guillery, 2006) . Tetanic stimulation of corticogeniculate fibers can directly induce mGluR1-mediated prolonged depolarization of TC neurons (McCormick and von Krosigk, 1992; Turner and Salt, 2000) , and pharmacological activation of mGluR1 modulates the firing pattern of TC neurons (Godwin et al., 1996b; Hughes et al., 2004; McCormick and von Krosigk, 1992) . Thus, mGluR1 is thought to be important for cortical regulation of thalamic activity (Rivadulla et al., 2002) . Contrary to corticogeniculate synapses, previous studies showed that tetanic stimulation of RGC axons failed to induce mGluR1-mediated slow depolarization in TC neurons (McCormick and von Krosigk, 1992) . These studies suggest that mGluR1 is activated mainly at corticogeniculate synapses, which may heterosynaptically influence the integrity of retinogeniculate synapses and may contribute to their maintenance. Interaction between corticogeniculate and retinogeniculate synapses has been suggested in the earlier phase of development (by P15) (Seabrook et al., 2013) . This presumed mGluR1-mediated heterosynaptic interaction in TC neurons seems analogous to the mechanisms for the refinement of climbing fiber-Purkinje cell synapses in the developing cerebellum (see Figure S6B ) (Hashimoto and Kano, 2013; Watanabe and Kano, 2011) .
On the other hand, we cannot rule out the possibility that mGluR1 at retinogeniculate synapses or in inhibitory interneurons contributes to the maintenance of retinogeniculate synapses. Although mGluR1 expression was lower in retinogeniculate synapses than in corticogeniculate synapses, retinogeniculate terminals contain multiple release sites within a single terminal and can release glutamate with higher probability than coticogeniculate terminals (Budisantoso et al., 2012) . Therefore, glutamate released from retinogeniculate terminals may be able to activate mGluR1 located away from the PSD and thus contributes to the maintenance of retinogeniculate synapses themselves. This argument is supported by recent findings that the group I mGluR modulates transmission efficacy of retinogeniculate synapses (Govindaiah et al., 2012; Lam and Sherman, 2013) . Besides TC neurons, inhibitory interneurons in the dLGN also express mGluR1, and its activation is reported to control tonic inhibition on TC neurons (Errington et al., 2011) . It is possible that mGluR1 in inhibitory interneurons controls synaptic transmission or TC neurons' excitability and thereby influences the maintenance of retinogeniculate synapses.
Possible Involvement of mGluR1-Dependent Synaptic Scaling It has been proposed that homeostatic plasticity plays a pivotal role in appropriately adjusting synaptic strength and maintaining circuit stability in the developing visual system (Maffei and Turrigiano, 2008) . For instance, homeostatic increase of AMPAR-mediated EPSCs at corticogeniculate synapses is induced in response to monocular deprivation around eye opening (Krahe and Guido, 2011) . Chen and her colleagues have found that late DR results in the recruitment of additional synapses and the concomitant weakening of single-fiber-EPSC amplitudes, eventually leading to the increase of maximum EPSC amplitudes at retinogeniculate synapses (Hooks and Chen, 2006; Lin et al., 2014) . In a recent report, they propose that a form of homeostatic upregulation of AMPA receptors, which appears to be mediated by stargazin, underlies this visual-experience-dependent remodeling of retinogeniculate synapses (Louros et al., 2014) .
It has been reported that the group I mGluR contributes to the homeostatic scaling of AMPA receptors (Hu et al., 2010) and promotes persistent endocytosis of AMPA receptors to keep synaptic strength constant (Lü scher and Huber, 2010) . In our observation, properties of retinogeniculate EPSCs after chronic pharmacological blockade of mGluR1 were similar to those after late DR in WT mice, namely the recruitment of new retinogeniculate synapses with the concomitant reduction of single-fiber EPSC amplitudes and the increase in maximum EPSC amplitudes (Figure 4) . Importantly, the effects of late DR on retinogeniculate EPSCs were mostly rescued by mGluR1 activation during late DR (Figure 6 ), strongly suggesting that mGluR1 can control synaptic strength in a visual-experience-dependent manner. It is therefore possible that mGluR1-dependent homeostatic regulation in response to visual experience contributes to the maintenance of retinogeniculate synapses.
Possible Mechanisms and Roles of mGluR1-Dependent Synapse Maintenance
In the dLGN, maintenance of retinogeniculate synapses in the third phase appears to involve preservation of the strength and stability of existing synapses and prevention of the formation of new redundant synapses. Our present results indicate that mGluR1 plays a key role in these developmental events in the dLGN ( Figure S6A ). In contrast, we have previously reported that mGluR1 is critically involved in developmental synapse elimination at climbing fiber to Purkinje cell synapses. In this case, mGluR1 facilitates elimination of redundant weak climbing fiber synapses around Purkinje cell somata and thus ensures the maintenance of synapses formed by a single strong climbing fiber on Purkinje cell dendrites ( Figure S6B ) (Hashimoto and Kano, 2013; Ichikawa et al., 2016) . Although the roles played by mGluR1 are apparently different in the two brain areas, the basic function of mGluR1 is the same-that is, maintenance of existing ''strong'' synapses and elimination (or prevention of the formation) of redundant ''weak'' synapses ( Figure S6 ). In the dLGN, mGluR1 is not involved in developmental synapse elimination in the second phase, presumably because mGluR1 expression increases after retinogeniculate synapse elimination is almost completed. In contrast, mGluR1 expression in cerebellar Purkinje cells is constantly high during the period of climbing fiber synapse elimination (Ló pez-Bendito et al., 2001) .
We found that impairment in mature connectivity of retinogeniculate synapses persisted in mGluR1-KO mice older than P60, but the defect was partially restored compared to that of mGluR1-KO mice around P30 (Figure 2 ). This result suggests that there might be an mGluR1-independent mechanism for restoring a mature pattern of retinogeniculate synaptic connectivity in mice older than P30. Fine-scale refinement of retinal afferents has been reported to occur in WT mice between P30 and P60 (Hong et al., 2014) . This mechanism may contribute to the late phase of restoration in mGluR1-KO mice.
Recent studies have shown that activation of the group I mGluR leads to long-lasting spine shrinkage accompanied by weakened synaptic strength and eventually results in synapse elimination in the hippocampus (Kalinowska et al., 2015; Wilkerson et al., 2014) . These pruning mechanisms of redundant weak synapses may function also at retinogeniculate synapses in the third phase, thereby preventing the formation of new redundant synapses. It has also been reported that activation of the group I mGluR promotes activity-dependent spine maturation by phosphorylating eukaryotic elongation factor 2 (eEF2) (Verpelli et al., 2010) . Such a maturation mechanism may underlie mGluR1-mediated maintenance and stabilization of retinogeniculate synapses that have undergone developmental synapse elimination.
It remains to be investigated how mGluR1 activation induces remodeling of retinogeniculate synapses. MeCP2 has been reported to be involved in visual-experience-dependent maintenance of retinogeniculate synapses (Noutel et al., 2011) . Similar to our study in mGluR1-KO mice, MeCP2 null mice exhibited normal development during the initial two phases, but the maintenance of mature connectivity during the third phase was impaired. Consequently, the effect of late DR was occluded in MeCP2 null mice. MeCP2 binds specifically to methylated DNA and regulates transcription of many target genes (Chahrour et al., 2008) . It is reported that MeCP2 is phosphorylated in neuronal activity-and Ca 2+ -dependent manners (Zhou et al., 2006) . Thus, mGluR1 and its downstream molecules may interact or cooperate with MeCP2 to maintain the connectivity of retinogeniculate synapses in response to visual experience. It is widely accepted that neural circuits are highly plastic during development and that mature circuits are shaped through multiple stages in neural activity-dependent manners (Espinosa and Stryker, 2012) . For proper functions of the brain, however, neural circuits established during postnatal development have to be maintained stably throughout life. Our present study has revealed a critical role of mGluR1 in the visual-experience-dependent maintenance of retinogeniculate synapses that has been refined during the former two phases. Since most neurons in the CNS express either mGluR1 or mGluR5, maintenance of synaptic connectivity through the group I mGluR can be a universal mechanism by which the history of sensory experience during early postnatal life is preserved in neural circuits in adult animals.
EXPERIMENTAL PROCEDURES
Transgenic Mice
All experiments were performed according to the guidelines laid down by the animal experiment committee of Tokyo Women's Medical University, Hokkaido University, and The University of Tokyo. We used transgenic mice that express mGluR1b exclusively in cerebellar Purkinje cells but not in other brain regions including the dLGN (mGluR1b-rescue mice) (Ohtani et al., 2014) to avoid possible disturbance of vision that may result from motor discoordination. We simply term them ''mGluR1-KO mouse'' throughout the manuscript (see Figure S7 and Supplemental Experimental Procedures for details).
Slice Preparations and Whole-Cell Recordings Parasagital brain slices containing the dLGN (250-300 mm thick) were prepared from C57BL/6 mice or mGluR1-KO mice aged P7-P69 as described previously (Turner and Salt, 1998 ) (see Supplemental Experimental Procedures for details).
Implant of Osmotic Minipumps
Under anesthesia with ketamine (80 mg/kg) and xylazine (10 mg/kg), osmotic minipumps (model 1007D equipped with Brain Infusion Kit 3; Alzet, Cupertino, CA, USA) filled with 10 mM CPCCOEt, a mixture of 5 mM DHPG and 10 mM Ro 67-4853 (Tocris Cookson, Bristol, UK), or vehicle (10% DMSO in saline) were implanted into male C57BL/6 mice (P21, 8-10 g of weight) (see Supplemental Experimental Procedures for details.)
Virus Preparation and Infection
A VSV-G pseudotyped lentiviral vector was designed to express GFP and miRNA against mGluR1 under the control of the human polyubiquitin promoter-C (FUGW from Addgene, plasmid 14883) or GFP and cDNA of mGluR1 under the murine stem cell virus (MSCV) promoter. The engineered miRNA construct against mGluR1 was produced as described previously (Uesaka et al., 2014 ) (see Supplemental Experimental Procedures for details). C57BL/6 mice at P14 (6-8 g of weight) was anesthetized with isoflurane (2%-3%), and the virus containing solution (400 nl) was injected into the dLGN with a stereotaxic injector (QSI; Stoelting, Wood Dale, IL, USA). Electrophysiological examination was performed at P28-P34 (see Supplemental Experimental Procedures for details).
Immunohistochemistry C57BL/6 mice and mGluR1-KO mice at P10, P15, P20, and P30 were fixed under deep pentobarbital anesthesia (100 mg/kg of body weight). Brain slices (50 mm thickness) were prepared with a vibratome (VT1000S; Leica, Wetzlar, Germany). All immunohistochemical incubations were performed by a freefloating method at room temperature (see Supplemental Experimental Procedures for details).
Statistical Analysis
Data are expressed as mean ± SEM. Mann-Whitney U test or Chi-square test on StatView software (SAS Institute Inc., Cary, NC, USA) was used to assess satistical significance for electrophysiological data. One-way ANOVA or two-way ANOVA with post hoc test of Tukey-Kramer method on Prism 5 (Graphpad Software Inc., La Jolla, CA) was used for immunohistochemical data. One, two, and three asterisks represent p < 0.05, p < 0.01, and p < 0.001, respectively. 
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